The glucuronidation of a number of commonly used hepatic uridine diphosphate glucuronosyltransferase drug substrates has been studied in human tissue microsomes. Prediction of in vivo hepatic drug glucuronidation from liver microsomal data yielded a consistent 10-fold underprediction. Consideration of protein binding was observed to be pivotal when predicting in vivo glucuronidation for acid substrates. Studies using human intestinal microsomes demonstrated the majority of drugs to be extensively glucuronidated such that the intrinsic clearance (CL int ) of ethinylestradiol (CL int ϭ 1.3 l/min/mg) was twice that obtained using human liver microsomes (CL int ϭ 0.7 l/min/ mg). The potential extrahepatic in vivo glucuronidation was calculated for a range of drug substrates from human microsomal data. These results indicate the contribution of intestinal drug glucuronidation to systemic drug clearance to be much less than either hepatic or renal glucuronidation. Therefore, data obtained with intestinal microsomes may be misleading in the assessment of the contribution of this organ to systemic glucuronidation. The use of hepatocytes to assess metabolic stability for drugs predominantly metabolized by glucuronidation was also investigated. Metabolic clearances for a range of drugs obtained using fresh preparations of human hepatocytes predicted accurately hepatic clearance reported in vivo. The use of cryopreserved hepatocytes as an in vitro tool to predict in vivo metabolism was also assessed with an excellent correlation obtained for a number of extensively glucuronidated drugs (R 2 ϭ 0.80, p Ͻ 0.001).
drug glucuronidation to systemic drug clearance to be much less than either hepatic or renal glucuronidation. Therefore, data obtained with intestinal microsomes may be misleading in the assessment of the contribution of this organ to systemic glucuronidation. The use of hepatocytes to assess metabolic stability for drugs predominantly metabolized by glucuronidation was also investigated. Metabolic clearances for a range of drugs obtained using fresh preparations of human hepatocytes predicted accurately hepatic clearance reported in vivo. The use of cryopreserved hepatocytes as an in vitro tool to predict in vivo metabolism was also assessed with an excellent correlation obtained for a number of extensively glucuronidated drugs (R 2 ϭ 0.80, p Ͻ 0.001).
In vitro systems, including microsomes and hepatocytes, have been routinely used in early preclinical drug metabolism studies to obtain an estimate of metabolic stability, usually expressed as intrinsic clearance (CL int ). Several methods have been used to predict hepatic in vivo clearance from in vitro tissue preparations. The most commonly used model has been the venous equilibrium or well stirred, which has been used to project successfully the in vivo metabolic clearance in both rat (Houston, 1994) and human (Iwatsubo et al., 1997; Obach, 1999) . Interestingly, the majority of drugs used in these studies was metabolized primarily by oxidation catalyzed by members of the cytochrome P450 (P450) family. The prediction of in vivo metabolic clearance of drugs primarily undergoing phase II metabolism has been limited to several drugs studied only in the rat (Mistry and Houston, 1987) . In addition, the consideration of extrahepatic metabolism may be pivotal when attempting to predict in vivo drug glucuronidation.
The kidney is the most extensively characterized extrahepatic organ to date where the glucuronidation of a range of substrates has been studied. The capacity of human kidney to glucuronidate endogenous substrates was demonstrated in a study by Matern et al. (1984) who observed the conjugation of a range of bile acids by using human kidney microsomes (HKM). In contrast, the glucuronidation of the heme catabolite bilirubin was not catalyzed by human kidney , confirming earlier reports of a complete absence of the major bilirubin UGT isoform UGT1A1 in human kidney (Sutherland et al., 1993) . However, the glucuronidation of a wide range of drug substrates has been observed in HKM . The rate of glucuronidation of the anesthetic propofol has been demonstrated to be greater in HKM than in human liver. This result was confirmed by Vietri et al. (2000) and Shipkova et al. (2001) who showed that UGT activity toward mycophenolic acid, another UGT1A9 substrate, in human kidney was twice that observed in human liver microsomes (HLM).
More recently, the role of the intestine in the first-pass metabolism of orally administered drugs has become an imThis work was funded by AstraZeneca and The Wellcome Trust.
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portant question for the pharmaceutical industry. Zhang et al. (1999) have detected the expression of several P450s in human small intestine, including CYP2C and CYP3A4, which consolidated the earlier work of de Waziers et al. (1990) . Intestinal P450s have been shown to contribute significantly to the metabolism of several drugs, including nifedipine and midazolam (Holtbecker et al., 1996; Paine et al., 1996) .
The intestine may also play a crucial role in phase II drug metabolism. Strassburg et al. (2000) have studied the expression of the UGT family in the small intestine by using a quantitative duplex reverse transcription-polymerase chain reaction assay that has identified the expression of UGT1A3, UGT1A4, UGT1A10, and UGT2B15 transcripts and polymorphic regulation of UGT1A1, UGT1A6, UGT2B4, and UGT2B7 genes. Several groups have also looked at functional expression of intestinal UGTs by using a range of substrates. The intestine has been shown to catalyze the glucuronidation of a range of endogenous substrates, including bilirubin (McDonnell et al., 1996) , bile acids (Parquet et al., 1985; Radominska-Pandya et al., 1998) , and estrogens (Czernik et al., 2000) . Further studies by Fisher et al. (2000) outlined the glucuronidation of estradiol, acetaminophen, and morphine along the length of the small intestine, perhaps suggesting the presence of UGT1A1, UGT1A6, and UGT2B7, respectively.
The aims of this article were severalfold: to attempt to predict human in vivo metabolic clearance for a range of drugs that were primarily metabolized by the phase II process of glucuronidation, comparing both microsomal and hepatocyte systems; to provide a better understanding of the potential for glucuronidation by extrahepatic tissues (kidney and intestine) for a range of drug substrates; and to assess their contribution to systemic drug glucuronidation.
Materials and Methods

Chemicals
Substrates, UDP-glucuronic acid (UDPGA), and other reagents used in the assays were purchased from Sigma Chemical (Gillingham, Dorset, UK), Aldrich Chemical (Gillingham, Dorset, UK), or BDH (Poole, Dorset, UK) and were of the highest grade available. [ 14 C]UDPGA (293.6 mCi/mmol, purity 99.7%) was purchased from PerkinElmer Life Sciences (Stevenage, Hertfordshire, UK).
Microsomal Samples
Both pooled human intestine (duodenal) microsomes (HIM) and HLM were purchased from In Vitro Technologies (Baltimore, MD). HKM were obtained as stated previously Table 1 displays the characterization as provided by the commercial supplier.
Microsomal UGT Assays
UGT assays were performed as described previously (Ethell et al., 1998) . Microsomes (400-l aliquots) were optimally activated using 4 ϫ 5-s bursts of sonication (Microson ultrasonic cell disruptor; Heat Technologies, Farmingdale, NY) allowing at least 1 min on ice between bursts. Tris/maleate buffer (100 mM), pH 7.4, containing 5 mM MgCl 2 , 10 mM saccharic acid 1,4-lactone (present in all incubations), substrate (concentration dependent on substrate), 250 to 350 g of microsomal sonicate, 2 mM UDPGA (0.1 Ci of [ 14 C]UDPGA/ assay) were combined in a total volume of 100 l. Incubations were run at 37°C for 60 min and then terminated by the addition of 100 l of methanol that had been prechilled to Ϫ20°C. The mixture was centrifuged for 10 min at 14,000g. The resulting supernatant was then transferred to a high-performance liquid chromatography (HPLC) vial and 100 l of this volume directly injected onto gradient HPLC by using solid scintillant radioactive detection as described previously (Ethell et al., 1998) .
Equilibrium Dialysis
Drugs (10 M) were mixed with HLM (at the protein concentrations similar to that used in UGT assays, approximately 2 mg/ml). The mixtures were then subjected to equilibrium dialysis against Dulbecco's phosphate-buffered saline, pH 7.4 (Sigma Chemical) at 37°C by using a DiaNorm apparatus (NBS Biologicals Limited, Cambs, UK). Diachema membranes were used (molecular weight cut-off 50 kDa, diameter 63 m) and cells were rotated at 5 rpm for 12 h. Dialysis on each drug was performed in duplicate on at least three occasions. On completion of the dialysis period, both the microsomal and buffer fractions were removed from the cell. The microsomal fraction (100 l) was mixed with 200 l of ice-cold methanol and centrifuged for 15 min at 14,000g. An aliquot of the resultant supernatant along with the buffer fractions was then analyzed by HPLC-mass spectrometry as detailed below.
Preparation of Rat Hepatocytes
Isolation of rat hepatocytes was performed essentially using the two-step in situ collagenase perfusion method of Seglen (1976) . Briefly, the hepatic portal vein of an anesthetized male SpragueDawley rat (weight 200 -300 g) was cannulated just above the junction of the splenic and pyloric veins. Liver perfusion medium (Invitrogen, Carlsbad, CA) was perfused via the hepatic portal vein until the liver cleared to an even tan color (usually 7-8 min at a perfusion rate of 30 ml/min). Liver digestion medium (Invitrogen) was then perfused until the liver displayed evidence of extensive dissociation (usually a further 6 -8 min at a perfusion rate of 30 ml/min). The liver was dissected from the rat and cells were gently teased out of the liver capsule into a beaker containing ice-cold hepatocyte suspension buffer [2.2 g NaHCO 3 , 2.34 g Na HEPES, 2.0 g of bovine serum albumin (BSA), 1 liter of powder equivalent of Dulbecco's modified Eagle's medium (Sigma Chemical) diluted in 1 liter of water and adjusted to pH 7.4 with 1 M HCl]. The cell suspension was passed through a 250-m mesh into a precooled tube and centrifuged at 50g for 2 min at 4°C. The supernatant was decanted, the cell pellet was resuspended in suspension buffer, and the centrifugation step was repeated. The resulting pellet of cells was resuspended in 10 ml of suspension buffer and an estimation of hepatocyte yield and viability was obtained using the trypan blue exclusion method.
Preparation of Human Hepatocytes
Human hepatocytes were prepared from an isolated lobe of human liver (obtained from local hospitals with ethical approval). Perfusion was essentially the same as described above except that an isolated lobe of liver was perfused rather than an in situ perfusion. Isolation of hepatocytes was performed as described above except that BSA was replaced with human serum albumin in the hepatocyte suspension buffer.
Determination of CL int by Using Hepatocytes
Drug stocks were prepared in dimethyl sulfoxide at 100-fold incubation concentration (300 M). Ten microliters of this 300 M stock were added to a vial containing 490 l of hepatocyte suspension buffer. A vial containing 250 l of hepatocytes at a concentration of 1 million cells/ml for rat (4 million cells/ml for human) was preincubated for 5 min in a shaking water bath at 37°C along with the vial containing the drug/buffer mix. Reactions were started by adding 250 l of drug/buffer mix to the 250 l of hepatocytes [giving a final substrate concentration of 3 M at 1% (v/v) dimethyl sulfoxide] and 50-l aliquots were removed at 0, 5, 10, 20, 40, 60, and 90 min, ensuring adequate mixing. Samples were quenched in 100 l of ice-cold methanol. Samples were subsequently frozen for 1 h at Ϫ20°C and then centrifuged for 3500 rpm for 20 min. The supernatants were removed and analyzed as described below.
Rat hepatocyte incubations were also performed without BSA as stated above, except isolated cells were recentrifuged, the supernatant was removed, and the hepatocytes were resuspended in hepatocyte suspension buffer that did not contain BSA. Hepatocyte suspension buffer without BSA was also used in drug/buffer mixes for these incubations.
Cryopreserved human hepatocytes were thawed, as stated by the commercial supplier's instructions (In Vitro Technologies) and incubated in the same manner as fresh human hepatocytes.
Analysis of Hepatocyte/Cryopreserved Hepatocyte and Protein Binding Samples
Initial mass spectrometry was conducted using a Micromass ZMD single quadrupole mass spectrometer with an HP1100 HPLC system for separation. Electrospray ionization was used for all mass spectrometry methods. Analysis of imipramine was performed in positive-ion mode monitoring at m/z 281.2. Negative-ion mode was used in the analysis of ethinylestradiol (m/z 295), hyodeoxycholic acid (m/z 391) propofol (m/z 177.1), and valproic acid (m/z 142.1).
Chromatographic separation was obtained using an XTerra MS C 8 column (4.6 ϫ 50 mm, 2.5 m) obtained from Waters (Watford, UK) by using 20 l of each extracted sample. The mobile phase for positive-ion mode consisted of 0.25% (w/v) ammonium acetate with 0.1% (v/v) formic acid with the organic phase being methanol containing 0.1% (v/v) formic acid. The mobile phase for negative-ion mode consisted of 0.1% (v/v) triethylamine and the organic phase was methanol modified with 0.1% (v/v) triethylamine. All chromatography was performed using a generic gradient (t ϭ 0 min % organic ϭ 10, t ϭ 0.5 min % organic ϭ 10, t ϭ 4 min % organic ϭ 100, t ϭ 5 min % organic ϭ 100, t ϭ 5.1 min % organic 10, total runtime ϭ 5.5 min). The flow rate was set at 1.5 ml/min, which was introduced into the source at 0.4 ml/min.
Further mass spectrometry was conducted on a Micromass Quatro Ultima triple quadrapole by using an Alliance HT Waters 2790 HPLC system for separation. Analysis was by multiple reaction monitoring and conditions were optimized for each compound as follows. By using positive-ion mode, codeine was detected monitoring the transition 300.04 Ͼ 165.09 using a cone voltage of 54 V and a collision energy of 50 eV; morphine using 286.02 Ͼ 159.09, cone voltage 32 V and collision energy 50 eV, naloxone using 328.03 Ͼ 310.27, cone voltage 10 V and collision energy 22 eV; and naproxen using 231.08 Ͼ 185.11, cone voltage 21 V and collision energy 16 eV. Using negative-ion mode, furosemide was detected monitoring the transition 329.24 Ͼ 205.04 using a cone voltage of 60 V and a collision energy of 20 eV; gemfibrozil using 249.46 Ͼ 121.18, cone voltage 50 V and collision energy 20 eV; and ketoprofen using 253.38 Ͼ 209, cone voltage 40 V and collision energy 10 eV.
In these analysis chromatographic separation was achieved using a Symmetry C 8 column (2.9 ϫ 20 mm, 5 m) obtained from Waters by using 20 l of each sample. The mobile phase for positive-ion mode consisted of water with 0.1% (v/v) formic acid with the organic phase being methanol containing 0.1% (v/v) formic acid. The mobile phase for negative-ion mode was as described above. All chromatography was performed using a generic gradient (t ϭ 0 min % organic ϭ 10, t ϭ 0.1 min % organic ϭ 10, t ϭ 0.5 min % organic ϭ 100, t ϭ 1 min % organic ϭ 100, t ϭ 1.2 min % organic 10, t ϭ 1.7 min % organic ϭ 10, total runtime ϭ 2 min). The flow rate was set at 1.5 ml/min, which was introduced into the source at 0.4 ml/min.
Data Analysis
Throughout this study, several approaches have been adopted to calculate CL int .
Glucuronide Appearance for Intestine Microsomal Incubations. Assays were performed at substrate concentrations known to be 5-fold below the K m of the drugs studied (data not shown). Further assays were performed at substrate concentrations at least 5-fold higher than these K m concentrations to model V max conditions. K m and V max approximations were then obtained through nonlinear regression analysis (Sharer et al., 1995) .
Parent Loss for Hepatocyte Incubations. Because dose/C 0 gives a term for the volume of the incubation (expressed in ml ‫ء‬ 10 6 cells
Ϫ1
) and the elimination rate constant k ϭ 0.693/t 1/2 , an equation expressing CL int in terms of t 1/2 of parent loss can be derived:
Prediction of In Vivo Clearance from in Vitro CL int. Projection of human in vivo clearance was made from an adapted version of the well stirred model (Houston, 1994) . Table 2 details the physiological and biochemical parameters used for the scaling of in vitro data. It should be noted that numbers for microsomal protein yield from kidney have been quoted as for liver because definitive data are currently unavailable. In addition, only the systemic contribution from intestine has been estimated because Downloaded from models for first-pass extraction by this organ are still in their infancy (Shen et al., 1997) .
where CL bl is blood clearance, Q is blood flow, and CLЈ int is intrinsic clearance in vivo (CL int was corrected for the number of cells/mg protein in the liver/kidney/intestine). When protein binding was incorporated, the model was expanded as shown below:
where f u is unbound fraction in the plasma, f u inc is unbound fraction in in vitro microsomal incubation, B/P is blood-to-plasma ratio (assumed to be 1 for basic/neutral compounds and 1-hematocrit for acid compounds (Carlile et al., 1999) .
Results
Prediction of Human Hepatic in Vivo
Clearance by Using Human Liver Microsomal Studies. Previous work in this laboratory has assessed hepatic glucuronidation of drug substrates by using HLM ). An indication of metabolic efficiency of drug glucuronidation was obtained by calculating CL int and the results are shown in Table 3 . The well stirred pharmacokinetic model was then used to estimate an in vivo clearance due to glucuronidation (see Materials and Methods, eq. 1). The in vivo total clearance and metabolic clearance due to glucuronidation for the drugs studied, obtained from an extensive literature review, are shown in Table 4 . For drugs where total in vivo clearance exceeded hepatic blood flow (morphine, naloxone, and propofol) the hepatic clearance was taken as 20 ml/min/kg. In vivo drug clearance by direct glucuronidation was calculated by correcting the total in vivo clearance by the percentage of an i.v dose excreted as a direct glucuronide. The results from in vivo hepatic clearance due to glucuronidation have been compared with the estimates calculated from microsomal studies with the well stirred model (Fig. 1) . Figure 1 shows that (without the consideration of protein binding) there was a substantial underprediction of in vivo clearance for most drugs. Structural analysis suggests different trends in the data for acidic compounds compared with neural/basic compounds. Therefore, protein binding was considered as a cause of the variable prediction of in vivo hepatic drug glucuronidation.
Effect of Protein Binding on in Vivo Prediction of Drug Glucuronidation by Using Human Liver Microsomes. Equilibrium dialysis was performed with 11 drug substrates in HLM to determine the fraction of unbound drug present in each microsomal incubation (f u inc ) and hence the total amount of drug available for glucuronidation in in vitro incubations (Table 5 ). The drugs studied bound to protein to varying degrees ranging from propofol, which was highly bound (f u inc ϭ 0.05), to valproic acid, which was essentially free in the microsomal incubation (f u inc ϭ 1). The f u plasma for the drugs studied was obtained from a search of the literature (Table 5) , to estimate the fraction of drug unbound in vivo. The drugs studied showed considerable variation in their binding properties, ranging from naproxen, which was highly bound to plasma proteins (f u plasma ϭ 0.01), to codeine, which was largely free in the in vivo situation (f u plasma ϭ 0.93). The drugs were classified into acidic, basic, or neutral compounds. A striking difference in protein binding for acidic drugs was revealed when comparing in vitro and in vivo situations. Acidic drugs such as naproxen and furosemide were highly bound to plasma proteins (albumin), although they were largely free in microsomal incubations, giving rise to 30-to 60-fold differences between the free fractions in vivo and in vitro. However, with the exception of ethinylestradiol, basic or neutral compounds displayed negligible differences in binding in plasma and microsomes under the conditions used. The effect of protein binding differences in the prediction of in vivo clearance is illustrated by Fig. 1 . When protein binding and blood/plasma partitioning were considered in the prediction of in vivo clearance (see Materials and Methods, eq. 2), an excellent correlation was observed between predicted and observed hepatic clearance (R 2 ϭ 0.81, p Ͻ 0.001; Fig. 1 ). However, it was interesting to note that the use of HLM consistently underpredicted the observed in vivo hepatic clearance by an order of magnitude (Fig. 1) .
Glucuronidation by the Intestine. The extent of intestinal drug glucuronidation for 10 drug substrates was assessed using HIM. Table 3 shows the CL int values obtained 
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for the drugs in this study (using HIM) compared with CL int estimates previously determined for the same drug substrates in our laboratory by using HLM. HIM catalyzed the glucuronidation of all drugs studied except codeine and morphine where glucuronidation was below the level of detection (less than 8 pmol/min/mg). The CL int values obtained using HIM varied from 0.06 l/min/mg for valproic acid to 1.83 l/min/mg for gemfibrozil. CL int estimates obtained by HIM were of a similar magnitude to that catalyzed by HLM for the majority of drugs studied. Interestingly, the intestinal CL int of the oral contraceptive ethinylestradiol was twice that in HLM.
Prediction of Human in Vivo Clearance by Using Human Tissue Microsomal Studies. To ascertain the relative importance of hepatic, renal, and intestinal drug glucuronidation, the well stirred model was used to estimate the contribution of the liver, kidney, and intestine to total systemic in vivo glucuronidation from in vitro microsomal results ( Table 3 ). The binding of drugs in HKM and HIM was assumed to be similar to HLM (Table 5) when incorporated into the well stirred model. Figure 2 shows the proportion of predicted clearance catalyzed by human liver, kidney, and intestine. In vitro CL int values suggested that intestinal drug metabolism was a significant component of systemic glucuronidation (Table 3) . However, the predicted metabolic clearance estimates indicated that the role of the intestine in drug clearance by glucuronidation has been overestimated and is being overemphasized (Fig. 2; Table 3 ).
Prediction of Human Hepatic in Vivo Clearance by Using Human Hepatocytes. The metabolism of eight extensively glucuronidated drugs was studied in four separate preparations of human hepatocytes (Table 6 ). There was a large variability in the CL int estimates for several drugs between the different preparations of hepatocytes (for example, the CL int for naloxone varied more than 10-fold over the four preparations). In particular, human hepatocyte (HH) preparation 1 (HH1) seemed to be an extensive metabolizer for UGT2B7 substrates (codeine, morphine, and naloxone). The prediction of human hepatic in vivo clearance by using hepatocytes is shown in Fig. 3 where a significant correlation was obtained (R 2 ϭ 0.79, p Ͻ 0.005). Hepatocytes quantitatively predicted human hepatic clearance well, in contrast to the consistent 10-fold underprediction observed using HLM (Fig. 3) .
Use of Cryopreserved Hepatocytes in Prediction of in Vivo Clearance. The use of cryopreserved hepatocytes is an important alternative to the use of freshly prepared hepatocytes where availability may be restricted. Cryopreserved hepatocytes prepared from three separate donors (Table 1) were used to assess the metabolic stability of a range of drugs previously studied in freshly isolated human hepatocytes (Table 6 ). As for fresh human hepatocytes, an excellent correlation was obtained (R 2 ϭ 0.80, p Ͻ 0.001) when comparing metabolic clearance determined from cryopreserved human Vozeh (1988) Gluc, glucuronidation.
Fig. 1.
Influence of nonspecific binding in the prediction of human hepatic in vivo glucuronidation from human liver microsome studies. Drug CL int s determined from human liver microsome data (Table 3) were scaled using the well stirred model with (F) (R 2 ϭ 0.81, p Ͻ 0.001) and without (E) protein binding and blood/plasma partitioning. These predicted clearances were then compared with in vivo clearances corrected for metabolic glucuronidation (Table 3).   TABLE 5 Binding parameters of 11 drugs in plasma and human liver microsomes f u plasma values were obtained from Holfard (1998) and Cockshott et al. (1992) . f u inc are mean Ϯ S.D. determined using three separate equilibrium dialysis experiments, each performed in duplicate at 2 mg/ml protein concentration. hepatocytes with in vivo hepatic clearance. This suggests that cryopreserved cells may be an ideal in vitro tool from which to predict in vivo clearance, especially when fresh human tissue is in scarce supply.
Effect of Albumin on Prediction of in Vivo
Clearance by Using Rat Hepatocytes. Human albumin was routinely added in human hepatocyte preparations. However, the requirement of this additional protein for drug glucuronidation was unknown. Therefore, the dependence of glucuronidation on protein binding was investigated in rat hepatocytes, due to lack of availability of human hepatocytes. Rat hepatocytes prepared/incubated with and without the presence of albumin were used to assess the effect of albumin on the CL int of a range of acidic and basic/neutral drugs (Fig. 4) . Figure 4 clearly shows that the clearance of basic/neutral drugs was unaffected by the presence of albumin in hepatocyte incubations. However, when the metabolism of acidic drugs was determined in the absence of albumin a 10-fold increase in clearance was observed. Interestingly, the overall CL int estimates for acidic drugs were generally lower than those determined for either basic or neutral compounds (Fig. 4) .
Discussion
The use of liver microsomal data to predict in vivo metabolic clearance was first demonstrated by Rane et al. (1977) and has subsequently been used by many investigators for a range of compounds (Houston, 1994; Iwatsubo et al. 1997; Obach 1999) . However the majority of work in this area has focused on drugs primarily metabolized by phase I processes. Mistry and Houston (1987) attempted to predict rat in vivo clearance for three drugs highly glucuronidated by rat liver microsomes. An identical rank order of the drugs was obtained between in vitro and in vivo metabolism. However, the Fig. 2 . Predicted contribution of liver, kidney, and intestine to human systemic in vivo glucuronidation estimated using human tissue microsomes. Drug CL int data (Table 3 ) obtained using HLM (L), HKM (K), and HIM (I) for a range of drugs glucuronidated by both UGT1A and UGT2B isoforms were scaled using the well stirred model incorporating protein binding and blood/plasma partitioning.
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at ASPET Journals on June 2, 2017 jpet.aspetjournals.org predicted clearance substantially underestimated the in vivo situation. Figure 1 illustrates the potential for using microsomal incubations to predict human hepatic in vivo clearance of drugs extensively metabolized by phase II detoxification mechanisms such as glucuronidation. The consistent underprediction of human hepatic in vivo clearance produced in this work from microsomal data builds on the previous study in rat by Mistry and Houston (1987) . The common theme of underprediction observed when scaling microsomal data may be due to the simplicity and assumptions made by the pharmacokinetic model used. Destruction of cellular integrity and sequential metabolic pathways may also explain this observation. Bock et al. (1976) have previously shown that addition of N-acetylglucosamine to rat liver microsomal incubations increased glucuronidation of naphthalene dihydrodiol to levels observed using isolated hepatocytes. It is interesting to speculate that transport of drug substrates may be more limited in microsomes than in the whole cell, which may have a part to play in the underprediction of in vivo hepatic clearance. However the consistent relationship observed between in vitro and in vivo data would aid the development of new chemical entities for which glucuronidation is known to be the major clearance mechanism.
The recent resurgence of interest in the intestine as a possible site of first-pass metabolism in humans has prompted this investigation into the significance of extrahepatic drug glucuronidation by this tissue. The in vitro CL int estimates obtained for a range of drugs by using HIM (Table  3) suggest that intestinal drug glucuronidation may be significant compared with hepatic glucuronidation. The CL int of ethinylestradiol was 2-to 3-fold greater with HIM than the CL int determined with HLM, which agrees with studies by Fisher et al. (2000) and Czernik et al. (2000) who described higher intestinal than hepatic activity for other UGT1A1 probes such as estradiol. The intestinal activity of UGT2B7 substrates such as ketoprofen, naloxone, and valproic acid builds on the expression data of Radominska-Pandya et al. (1998) and Strassburg et al. (2000) . The apparent lack of glucuronidation of morphine by HIM in this study contrasted with previous work by Fisher et al. (2000) who stated that morphine-3 glucuronidation was catalyzed by HIM albeit at low levels. Interestingly, studies in anhepatic patients have Fig. 3 . Comparison of the prediction of human in vivo drug hepatic clearance by using human hepatocytes and liver microsomes. Drug CL int s were determined using four separate preparations of human hepatocytes and were subsequently scaled using the well stirred model (F). These predicted clearances were correlated (R 2 ϭ 0.79, p Ͻ 0.005) with in vivo hepatic clearance obtained from the literature (Table 4 ). The CL int of naproxen was assumed to be 0.4 l/min/10 6 cells. Predicted clearance from HLM studies are shown for comparison (E). Fig. 4 . Effect of albumin on intrinsic clearance estimates determined using rat hepatocytes. The effect of bovine serum albumin on CL int estimates for acidic (F) and nonacidic (E) drugs was investigated using three separate preparations of rat hepatocytes with/without the presence of bovine serum albumin. suggested minimal metabolism of morphine by the gut wall when an oral dose of morphine was administered (Mazoit et al., 1990) . However, data produced by such indirect experimental techniques must be interpreted with care (Lin et al., 1999) . When in vitro intestinal drug glucuronidation was assessed using the well stirred pharmacokinetic model, the contribution of intestinal glucuronidation to systemic drug clearance appeared much less significant than hepatic glucuronidation for all drugs studied ( Fig. 2; Table 3 ). However, renal glucuronidation was predicted to be important in the metabolism of several compounds. These data indicated an overestimation in the role of intestinal glucuronidation for systemic drug clearance might occur if drug CL int estimates are taken without consideration of this in vivo contribution, particularly for drugs glucuronidated by UGT1A1. This concurs with previous work by Pacifici et al. (1988) who determined human in vitro intestinal 1-naphthol glucuronidation to be one-seventh of the hepatic glucuronidation of this substrate. However, when these microsomal activities were corrected for organ weight, hepatic glucuronidation was around 60-fold greater than glucuronidation catalyzed by the intestine.
Although in vivo data on intestinal drug glucurondiation are limited, the use of pharmacokinetic models to predict intestinal metabolism from in vitro data has been used with success previously (Mistry and Houston, 1987) . Klippert et al. (1982) developed a model based on mucosal blood flow to predict the intestinal first-pass effect of phenacetin in the rat by using in vitro data. The use of such models does have certain caveats, including that metabolizing enzymes should be distributed evenly throughout the organ (Houston, 1994) , in this case the mucosal layer of the intestine. However, studies by Strassburg et al. (2000) and Fisher et al. (2000) have shown UGT activity toward several substrates to vary along the length of the intestine, a pattern also observed for intestinal CYP3A4 (de Waziers et al., 1990) . Interestingly, the liver, too, has well known heterogeneity in the distribution of its drug-metabolizing enzymes, and the successful prediction of a large number of drugs by using pharmacokinetic models (Iwatsubo et al., 1997; Obach, 1999) suggests that if care is taken, accurate estimates of in vivo drug clearance can be obtained.
The importance of nonspecific binding in microsomal incubations has recently received considerable attention (Obach, 1997 (Obach, , 1999 McLure et al., 2000) . The results shown in Table  5 and Fig. 1 suggest that the consideration of differential binding of acidic drugs to plasma and microsomal proteins is imperative for an accurate assessment of in vivo hepatic clearance. In addition, the effect of nonspecific binding to serum albumin on clearance was studied in hepatocytes (Fig.  4) . Only acidic drugs were affected by the presence/absence of serum albumin. The increase in clearance of acid drugs when serum albumin was removed from incubations suggests that this exclusive binding restricted their metabolism in hepatocyte incubations. The association of acidic substrates with serum albumin both in vivo (assessed by low f u plasma ; Table  5 ) and in hepatocyte incubations (Fig. 4) suggests that this in vitro system may mimic the binding of these substrates in vivo particularly well. These findings reinforce the earlier work of Shibata et al. (2000) . Further benefits from the use of human hepatocytes (prepared in the presence of serum albumin) can be seen in Fig. 3 where an excellent estimate of in vivo metabolic clearance was obtained for a range of drug substrates. Interestingly, the omission of serum albumin from hepatocyte incubations may be a useful technique to differentiate between closely related acidic substrates, particularly for quantitative structure-activity relationships, and in detailed metabolite identification studies. The use of human hepatocytes allowed the consideration of both phase I and phase II metabolism to produce an accurate prediction of total human metabolic clearance. Table 6 also shows the interindividual variation in clearance that can occur for certain drugs in human studies. For the majority of drugs studied, clearance values obtained from three of the four human hepatocyte preparations were similar; however, one outlier produced the variation in each case. There have been many factors attributed to the variation of glucuronidation rates, including genetics, age, sex, diet, and prior drug intake . It is interesting to speculate that the increased clearance of certain drugs (known to be metabolized by UGT2B7; Soars et al., 2001) in HH1 may be due to the polymorphic nature of this UGT isoform. This theory is supported by the work of Patel et al., (1995) who observed a large interindividual variability in the glucuronidation of the UGT2B7 substrate oxazepam, and credited this to genetic factors. In summary, data from a significant number of individual donors (at least four) or pooled cryopreserved hepatocytes may be required to provide an accurate assessment of population variability.
This report has highlighted the relative importance of drug microsomal glucuronidation in the liver, kidney, and intestine. The well stirred model has been used to predict the in vivo implications of these tissues for drug glucuronidation. The prediction of hepatic in vivo clearance for a number of extensively glucuronidated drugs has been successfully performed in a range of in vitro systems, including microsomes, hepatocytes, and cryopreserved cells. This study suggests that care must be taken not to overemphasize the contribution of human intestinal drug glucuronidation toward systemic metabolism. However the importance of this tissue in the first-pass glucuronidation of orally administered drugs cannot be discounted, given the high concentration of unbound drug exposed to intestinal UGTs by using this route of drug delivery (Shen et al., 1997) .
